The purpose of this study was to investigate the wear volume and the principal strain of machinable dental composite and ceramics in simulated mastication. A ball-on-disk wear test was performed for 3,000 cycles in water, using nine ball/disk combinations of three commercial CAD/ CAM materials: feldspathic, lithium disilicate glass ceramics, and a highly loaded composite material (n = 7 for each combination). The wear volume was optically measured using a digital scanner and analyzed for statistical differences based on the materials (α = 0.05). We used non-linear finite element analysis to calculate the principal strain. The wear volume of the ball was significantly larger than that of the disk when hardness and fracture toughness of the former was lower than that of the latter and vice versa (P < 0.05). The lithium disilicate glass ceramic constantly showed lower wear volume than the opposing antagonist. Except for the same material pairs of feldspathic and composite, the ball or disk specimen that showed a larger wear in the occluding pair coincided with the one with higher maximum strain. It was not possible to predict the magnitude of wear, whereas the result suggested a strong association between the maximum strain and wear volume of the ceramic surface.
Introduction
The development of dental ceramics with high strength and toughness for computer aided design/computer aided manufacture (CAD/CAM) has significantly contributed to the popularity of all-ceramic restorations (1) . Despite their overall excellence, these ceramics can cause extensive wear of the opposing tooth structures (2, 3) . A new restoration often opposes existing multiple restorative materials or may occlude with an antagonistic dentition that consists of a mixture of different restorative materials. Therefore, the material used to fabricate a new restoration should be carefully selected to avoid excessive wear of the restoration itself as well as of the antagonist. However, there have been few reports that have focused on the effect of occluding pairs of CAD/ CAM machinable ceramics on their wear resistance. The lack of guidelines for the optimization of material selection makes clinical decision difficult.
No theoretical estimation of dental ceramic wear has been established yet; particularly, the prediction of wear volume based on the material combinations of the occluding pairs has not been well assessed. There are two main reasons for the difficulties in predicting dental wear. First, a close association between the wear of dental ceramics and their mechanical properties has been Journal of Oral Science, Vol. 59, No. 4, 589-596, 2017 Original The ball-on-disk cyclic wear of CAD/CAM machinable dental composite and ceramic materials Kazuyuki Handa 1) , Natsuko Murakami 1) , Toshiki Yamazaki 1) , Hidekazu Takahashi 2) , and Noriyuki Wakabayashi 1) advocated (4) (5) (6) (7) in addition to environmental factors (8) , whereas the surface mechanical interaction between two moving surfaces cannot be determined by a single property, but combinations of multiple properties (9) such as hardness (8) , tensile strength (10) , fracture toughness (7) , elastic modulus (11) , and frictional coefficients (12) . Second, the effect of cusp geometry on wear is not well understood. The curvature of both the cusp tip and its antagonistic occlusal surface may determine the stress/ strain on the ceramic surface, suggesting that this can be a critical factor in determing wear volume. In most previous in vitro wear tests, however, the effect of cusp geometry was not generalized in relation to stress and strain. The purpose of this study was to investigate the effect of material combinations of CAD/CAM machinable dental ceramics on the wear volume and the principal strain during simulated mastication. A ball-on-disk in vitro wear test was performed to simulate the grinding movement of a cusp tip against an opposing occlusal surface (13, 14) . Three kinds of blocks, feldspathic, lithium disilicate glass ceramics, and a highly loaded composite material, which are clinically used as monolithic materials, were employed for either the ball or disk specimen. The wear of the ball and disk specimens was optically measured, and the relative wear volume or ball wear relative to disk wear was analyzed for each ball/disk pair. Finite element analysis was performed to calculate the principal strain distributions of the ball and disk surfaces in an analysis of the underlying wear mechanism. The hypothesis of this study was that the wear volume of ball relative to that of disk coincides with the maximum principal strain magnitude of ball relative to that of disk.
Materials and Methods

Specimen preparation
Three CAD/CAM blocks were selected, including feldspathic ceramics (FP; VITABLOCS Mark II, VITA Zahnfabrik, Bad Säckingen, Germany), lithium disilicate glass ceramics (LD; IPS e.max CAD, Ivoclar Vivadent, Schaan, Liechtenstein), and a highly loaded composite material (VITA Enamic, VITA Zahnfabrik) ( Table 1 ) (15) . The reported mechanical properties of the three materials are listed in Table 2 (16) (17) (18) (19) (20) . The schematic flow for the specimen preparation and wear test are shown in Fig. 1 . The three dimensional (3D) model for 4-mm diameter hemispheres was designed based on a scanned image (CEREC Software 4.3, Sirona, Bensheim, Germany) of a zirconia ball (YTZ ball, Nikkato Corp, Osaka, Japan). This model was used to fabricate the ball specimens ( Fig. 1b , upper) from each CAD/CAM block ( Fig. 1a ) using a milling machine (CEREC MC XL, Sirona). The blocks were also trimmed into an 8-mm diameter cylindrical column with a diamond bur (T2-001M, Trusco Nakayama, Tokyo, Japan) mounted on a lathe machine. They were sectioned into 2-mm thick disk specimens using a diamond blade mounted on a saw (Isomet, Isomet, Springfield, VA, USA) under constant water irrigation to fabricate disk specimens ( Fig. 1b , lower). Nine ball and disk combinations of three materials (n = 7 for each combination) were prepared for the test.
The ball and disk of FP were polished with polishing disks and points (Sof-Lex, Contouring and Polishing Disks, 3M Japan, Tokyo, Japan) and finished using a polishing brush (Pivot brush HP, Shofu, Kyoto, Japan) with paste (Zircon-Brite, Dental Ventures of America, Corona, CA, USA) ( Table 3 ). HC specimens were polished with points (VITA Enamic Polishing Set, VITA Zahnfabrik) and finished in the same process as that used for FP. For LD specimens, glaze (IPS e.max CAD Crystal Glaze Paste and Liquid, Ivoclar Vivadent) was applied, followed by firing in a furnace (Vacumat 4000, VITA Zahnfabrik) up to 860°C. After glazing, LD specimens were polished in the same manner as FP. After completion, the surface roughness (R a ) of each disk was measured using a profilometer (Surfcom flex-50A, Tokyo Seimitsu, Tokyo, Japan) ( Table 3) . For each specimen, 10 measurements were performed: five in the horizontal direction and five in the perpendicular direction. After storage in water at 37°C for 1 week, each disk was embedded in an aluminum container with composite resin (Estelite Σ Quick A3, Tokuyama, Tokyo, Japan), and each ball specimen was attached to an upper aluminum holder.
Wear test
The wear test used in this study was described previously (13, 14) . In brief, the disk container was mounted on a fixed table filled with water at room temperature (23°C). The ball holder was automatically operated so that the ball landed on the disk surface with a load of 50 N, followed by a horizontal slide. At the end of the 3.7-mm long sliding motion, the ball was lifted back to the starting point. A loading cycle of 1.2 Hz was preset at 3,000 cycles for each test (Fig. 1c, d) .
The volume loss for each ball and disk was optically measured using an intraoral scanner (CEREC AC Omnicam, Sirona) ( Fig. 2) . The 3D images of the wear facets were analyzed using the standard tessellation language (STL) data obtained before and during the wear test (Geomagic Studio 2014, 3D Systems, Rock Hill, SC, USA) to obtain the volumetric wear every 1,000 cycles. This relatively small number of cycles was used because substantial wear volumes were confirmed for some material pairs in the preliminary test. The wear volume of the ball relative to that of the disk was calculated as the relative wear of the ball/disk combination.
Scanning electron microscopy
All disk specimens were platinum sputter coated and examined using a field-emission scanning electron microscope (SEM) (S-4500, Hitachi High-Technologies Corporation, Tokyo, Japan) with 50× magnification at 15 kV.
Statistical analysis
Statistical software SPSS 11.5J for Windows (SPSS Inc., Chicago, IL, USA) was used to detect significant differences in the total wear volume with each ball and each disk materials. The Kolmogorov-Smirnov test for normal 
Finite element analysis
3D finite element-plane symmetric models of the ball and disk specimens were constructed (Fig. 3) . Each model comprised approximately 20,000 tetrahedral elements determined by preliminary convergence tests (21) (Ansys 11.0, ANSYS, Canonsburg, PA, USA). All the materials were homogeneous, linearly elastic, and isotropic. The elastic modulus and Poisson's ratio of each material listed in Table 2 were entered in the simulation program. The contact at the interface between ball and disk surfaces was assumed to have a friction coefficient of 0.1. A 50 N vertical load was applied on the top of the ball specimens, followed by horizontal movement over the disk surface, thereby simulating the wear test. The maximum principal total strain distribution during the sliding movement was calculated using non-linear contact analyses (22) . The relative maximum strain of a ball/disk combination was calculated as the strain magnitude of the ball divided by that of the disk.
Results
Wear quantitative analysis
The mean wear volumes of the disks (Fig. 4a ) and balls (Fig. 4b) 1 mm 3 ). The wear was significantly different for every antagonistic pair of ball and disk, as shown in Table 4 . 
Scanning electron microscope
Representative SEM images of each disk surface after 3,000 cycles are shown for each combination in Fig. 5 .
In FP and HC disks against FP and LD balls, pitted wear patterns and large cracks were observed on wear traces. All disks against HC ball combinations exhibited slight surface scratches along with the sliding direction. In LD disks against FP and LD balls, scattered cracks and scratches with a mixture of unworn smooth areas ( Fig.  5 , black arrows) and worn rough areas ( Fig. 5 , white arrows) appeared along the sliding direction.
Finite element analysis
All balls demonstrated a sink deformation onto disks, indicating compressive strain (Fig. 3) . During sliding, the ball showed a large compressive area at the bottom, whereas on the disk surface, a concentration of compressive strain was surrounded by areas of tensile strain on the forward and backward sides of the compressive region. The strain maps for all remaining combinations were similar to the one described above. Except for the same material combinations of FP and HC, each of the ball/ disk combinations where the maximum strain magnitude of the ball was higher than that of the disk resulted in larger ball wear than disk wear (Tables 4, 5 ).
Discussion
The wear volume of the disk was noticeably and significantly greater than that of the antagonistic ball when the hardness and fracture toughness of the disk were lower than those of the ball. Similarly, ball wear was significantly greater than the opposing disk wear when the mechanical strength of the ball was lower than that of the disk, except for the same material combinations ( Table  4 ). The result was in agreement with that of a previous study indicating an association between the wear volume and mechanical properties in some dental ceramic materials (7) . LD proved to be the most wear-resistant material in this study, because it constantly showed a lower wear volume than the opposing specimens of the 31 .15* (0.87) The relative wear volume was calculated as the ratio of ball wear to disk wear. The relative maximum strain, shown in parentheses, was obtained as the ratio of the maximum strain of a ball to that of a disk. Asterisks indicate significant differences in the mean wear volume between ball and disk (P < 0.05).
other materials, irrespective of whether it was used for the ball or disk. In SEM images of the disk surfaces, LD exhibited a mixture of unworn smooth areas and worn rough areas (Fig. 5, black and white arrows) , whereas FP and HC showed only roughened surfaces (Fig. 5 , asterisks). This result suggested a relatively slow progress of wear in LD compared with the other materials in this study, as reported previously (23) .
The mean ball wear had a strong tendency to be larger than the disk wear and vice versa in the material combinations where the maximum strain magnitude of the ball was higher than that of the disk, except for the same material combinations of FP and HC. The surface strain magnitude of this study was calculated using FE model based on the elastic modulus and Poisson's ratio as the mechanical properties, but not based on any mechanical strengths. Because the size and shape of the contact area could determine the wear rate (24) , the result may be attributed to the fact that a low elastic modulus leads to a large contact area under relatively low contact stress (25) . It is therefore suggested that the elastic modulus of a CAD/CAM machinable ceramic material, which is indicative of its resistance to strain, may be a promising predictive factor of wear. Conversely, relative strain magnitude was not a good predictor of relative wear if the same material was used for both specimens. For example, in the combination of FP disk against FP ball the recorded mean wear volume of the disk was significantly higher than that of the ball, which was contrary to the corresponding results of the maximum strain. Similarly, the mean wear of HC disk was significantly lesser than that of HC ball, which was also contrary to the corresponding strain results.
It should be noted that the horizontal sliding movement of the ball created an area of compressive strain on the disk surface right under the contact area as well as two areas of high tension at the front and back of the contact area (Fig. 3b ). The result of the strain analysis clearly suggested that a rapid change in the strain state occurred on the disk, with a sharp alternation between tension and compression along the entire sliding path. Considering that the strain state of the ball is consistent throughout the sliding movement, the rapid change in the strain on disks caused increased propagation of cracks, resulting in marked disk wear. Understanding this mechanism can lead to a further hypothesis that the wear of FP disk against that of FP ball was accelerated (Table 4) , because the material was less resistant to strain changes due to its high rigidity and hardness. On the contrary, HC, with its lower rigidity and relatively high flexural strength, may have a low resilience or resistance to the compres-sive strain state, resulting in increased ball wear. The change in geometry or flattening of the ball may lead to an increase in the contact area between the ball and disk and to a decrease in contact stress and strain, limiting disk wear.
An enamel control was not used in the present study. The morphological inhomogeneity of human dental enamel could have caused difficulties in the standardization of the specimens (26) . In addition, the difficulty in alignment control of an enamel sample in the milling process of the present study could have resulted in an even higher inconsistency than the previous wear results (27) . However, in the present study, an evaluation of the ceramic wear was attempted based on data of a previous study that used enamel specimens in addition to the three ceramics and composite materials of the present study. It was reported that against an enamel ball, HC disk showed a slightly greater wear depth than the enamel disk, and FP and LD disks showed lower wear magnitudes than those of the enamel and HC disks. Combining the information from the previous and present studies suggests that an enamel specimen would show a wear volume comparable with HC and reveal relatively greater wear against FP and LD antagonists.
A coefficient of friction was setted 0.1 in the finite element models of the present study, whereas recent studies have reported coefficients ranging from 0.1 to 0.6 (1, 12, 28) . In a preliminary analysis, it was confirmed that the maximum strain magnitudes would be approximately doubled if the coefficient of friction increased to 0.3 (data not shown). A potential impact of the coefficient of friction on dental wear is suggested, because it has been indicated that surface roughness has a dominant role in the wear behavior of the material itself or of the opposing materials (7, 29) , and that polishing and repolishing of ceramic surfaces are effective clinical procedures that can minimize wear damage to opposing surfaces (30, 31) . To simulate clinical conditions in the present study, the methods and materials employed in the specimen preparations and the finishing procedures were the same as those used in chairside procedures. Therefore, substantial wear volumes were observed within the relatively short wear cycles, which simulated a short period of clinical use and suggested excessive wear risk of ceramic restorations and their antagonists in CAD/CAM ceramics used in this study.
Except for the same material combinations of FP and HC, the ball or disk specimen that showed a larger wear volume in the occluding pair coincided with the one with a higher maximum strain. The result partially supported the hypothesis that the wear volume of the ball relative to that of the disk coincides with the maximum principal strain magnitude of the ball relative to that of the disk. The mechanical properties such as hardness and toughness also did not perfectly predict the relative wear between the occluding materials. The results of this study therefore suggest that it is still not possible to predict the wear volume based on one or more of the mechanical properties and strain analysis. For an accurate prediction of the quantitative wear of ceramic restorations and their antagonists, further studies are needed to investigate the influence of physical, chemical, and other environmental factors (32, 33) , in addition to the multiple mechanical factors, on the wear volume of machinable dental ceramics.
Sliding ball-on-disk wear testing of CAD/CAM dental ceramics was performed to simulate the grinding movement of a cusp tip against an opposing occlusal surface. The results of the study suggest that the maximum principal strain of the ceramic surface, which is based on the material elastic modulus and the geometry of the restoration, is one of the predictive factors for the relative wear volume of machinable dental ceramics.
